Abstract
Introduction

27
Cairns et al. [1] noted that reversions of Escherichia frame shift mutations. Cairns originally suggested that 33 mutagenesis was being "directed" toward genes that 34 could allow survival, but the prevailing theory is that 35 the stress of the selective conditions increases mutation 36 rate in non-advantageous and advantageous genes, 37 including the gene(s) leading to prototrophy ("adaptive" 38 mutagenesis). There are several hypotheses to explain 39 the mechanism of adaptive mutagenesis, including 40 base modification resulting in mispairing, polymerase 41 errors, errors in recombination, and amplification of 42 genes leading to increased expression of low-activity 43 enzymes [2-5]. 
U N C O R R E C T E D P R O O F
MUT 10206 [1] [2] [3] [4] [5] [6] [7] Much of the previous work has involved strains with 44 the FC40 plasmid, which has a frameshift in the lacZ 45 gene and generally reverts by deletion mutation [6] [7] [8] .
46
Mutations of other genes, including lacZ and tet genes on the F episome, also often involve frameshifts [9] . In a typical experiment, an overnight culture was grown 100 in M9 salts (Gibco, BRL) plus 27 g ml −1 thiamine HCl, 101 1 mM MgSO 4 , and 2% glucose to a concentration of 3.9 102 (±0.8) × 10 9 cells ml −1 (mean ± S.D., n = 6). The high glucose 103 concentration was used to limit reversion before the culture was 104 plated (see Section 3.1 and Fig. 3 ). The overnight culture was 105 centrifuged and resuspended in an equal volume of phosphate-106 buffered saline solution, and 100 l were plated on 1.5% 107 agar-solidified medium containing M9 salts supplemented with 108 27 g ml −1 thiamine HCl, 1 mM MgSO 4 , 0.2% glucose or lac-109 tose, 0.4 mM IPTG, and 0.4 mM 5-bromo-4-chloro-3-indole-110 ␤-d-galactoside (X-gal) in 10-cm diameter plates. Plates were 111 incubated at 37
• C. Each day, blue colonies were counted, and 112 the accumulated number of colonies was reported. To incu-113 bate plates in controlled atmospheres, the plates were placed 114 in hermetically sealed, 25-l boxes and flushed with N 2 or O 2 at 115 500 ml min 
Cell viability
118
The cells were washed off plates with 1 ml of phosphate 119 of either buffered saline or LB medium. The suspension was 120 then collected and the washing was repeated; the two collected 121 suspensions were combined. The suspensions were diluted 122 immediately, and the number of viable cells was determined 123 by dilution plating on LB medium. In one test for repro-124 ducibility, eight independent overnight cultures of CSH104 125 were plated on standard M9 medium containing 0.2% glucose 126 and incubated overnight. The washing procedure gave a calcu-127 lated mean number of cells per plate of 1.3 × 10 10 with a S.D. 128 of 2.0 × 10 9 , representing a coefficient of variation of 16%. 129 Because we placed a priority on measuring the accumulation 130 of revertant colonies on each plate over time, calculations on 131 a per-cell basis were made using colony counts from parallel 132 experiments. 
Sequences of revertant lacZ genes
134
Fragments of the lacZ genes from revertant colonies were 135 amplified by polymerase chain reaction using forward and 136 reverse primers 5 -CAAATAATATCGGTTGCGGAGGTG-137 3 and 5 -AATATTGAAACCCACGGCATGGTG-3 , respec-138 tively. The fragments of 250 base pairs were isolated 139 by agarose gel electrophoresis, and the sequences deter-140 mined, using the forward primer, by the UC Davis Divi-141 sion of Biological Sciences Automated DNA Sequencing 142 Facility. The number of revertants per plate was normally 156 lower in lactose-than in glucose-containing medium.
Results
157
For both HS1194 and CSH104, a combination of 0.05% 158 glucose and 0.2% lactose gave a much greater number 159 of revertants per plate than either sugar alone ( Fig. 1 ).
160
We hypothesized that this effect occurred because the 161 glucose supported more growth than lactose alone, and 162 Fig. 1 . Reversions of lacZ − cells to lacZ + in M9 medium containing 0.05% glucose, 0.2% lactose, or a combination of both 0.05% glucose and 0.2% lactose. Bars show the means from three independent experiments, ±S.E. Revertants only began to appear at day 2. Note the difference in the scales on the y-axis. Although variation among experiments was high, within each experiment the relationship among the three treatments was the same as shown by the means. lactose allowed more revertants to survive, outcompete 163 wild type, and thrive than did glucose alone. To test this 164 hypothesis, we compared the number of revertants to 165 the number of cells that could be recovered from the 166 plates (Fig. 2) . The number of cells in glucose medium 167 was 30-100 times the number in lactose; the numbers 168 of revertants per viable cell were approximately equal in 169 media containing lactose alone and lactose plus glucose, 170 but 10-fold lower in glucose medium (Table 1) .
171
The number of revertants per 10 8 cells of CSH104 172 and HS1194 cells on M9 medium containing different 173 amounts of glucose as carbon source peaked at 0.2-0.4% 174 glucose (Fig. 3 ). There were few or no revertants at 0.6% 175 and none were apparent at 2% glucose. Control exper-176 iments established that revertant cells produced blue 177 colonies after an overnight incubation on 2% glucose, 178 indicating that the cells had used up enough glucose 179 to overcome catabolite repression. Thus the absence of 180 revertants at 2% glucose was not an artifact due to inhi-181 bition of expression of the lacZ gene. The numbers of 182 revertants per viable cell were approximately the same 183 from 0.05% to 0.4% glucose, but lower at 0.6% glucose 184 until the second day of incubation (Fig. 1) , well after the 196 culture reached stationary phase (Fig. 2) . Furthermore, Table 2 shows the ratio in the number of HS1194 209 revertants to CSH104 revertants over 5 days, aver-210 aged from eight independent experiments. Although the 211 number of revertants was two to three times higher 212 in HS1194 than CSH104, even at 2 days, the ratio 213 rose to over 10-fold higher by 5 days. For CSH104 214 (mutM + ), revertants appeared on M9 medium + 0.2% 215 glucose in 2-3 days, but, after that period, few addi-216 tional revertants appeared. In contrast, For HS1194 217 (mutM − ), revertants initially appeared at the same time, 218 2-3 days, but they continued to accumulate over a longer 219 Table 2 Ratio of lacZ + revertants on mutM − (HS1194) plates to the number on mutM + (CSH104) plates, averaged from eight independent experiments Ratio 3.3 ± 1.0 3.9 ± 1.0 7.2 ± 1.2 10.5 ± 3.1
In all cases, cells were plated on M9 medium containing 0.2% glucose (plus IPTG and X-gal) and incubated at 37 • C at ambient O 2 concentration.
Values represent means ± S.E.; for "ratio," the table gives the mean of ratios (from different experiments), not the ratio of means.
U N C O R R E C T E D P R O O F
MUT 10206 1-7 Cells were plated on M9 medium containing 0.2% glucose (plus IPTG and X-gal) and incubated at 37 • C. Numbers indicate revertants per cell on day 4 (mean ± S.E.; n = 3, except 21% O 2 n = 6). In each column, means not followed by the same letter differ significantly at the 95% confidence level, as evaluated by t test applied to log transformed data.
period of time (at least 4-5 days, after which count-220 ing became impractical) (Fig. 4) . 
Revertant genes
243
Mutations could arise either through reversion or 244 suppression by second site mutations. To confirm 245 that the mutant lacZ allele in the indicator strains 246 had truly reverted, a randomly selected set of LacZ + 247 colonies was isolated from mutM + and mutM − strains 248 plated on lactose and on glucose. In each case, a 249 PCR fragment spanning the original mutant base was 250 amplified, purified, and sequenced, and its sequence was 251 compared to the sequence of the parental mutant lacZ 252 allele. Every revertant possessed a G → T transversion 253 at the predicted position (Fig. 5 ). There were no 254 deletions or insertions identified in the amplified PCR 255 fragments. 
270
The fact that the revertants all showed G → T 271 transversions indicates that amplification by itself is not 272 the mechanism of reversion. Although it does not rule 273 out amplification in addition to transversion, we did not 274 see mixtures of G and T in PCR fragments from pure 275 revertant cultures. The fact that the revertants all showed 276 G → T transversions does not rule out error-prone poly-277 merase as the mechanism of reversion if the G → T 278 Fig. 5 . Base sequences of a PCR fragment containing the relevant base of the lacZ gene of revertant and non-revertant strains of mutM + (CSH104) and mutM − (HS1194) cells. Revertant strains were obtained from lactose plates, using both growth and X-gal hydrolysis as criteria, and from glucose plates, using X-gal hydrolysis as the sole criterion. Selection from glucose plates required one or two colony purifications by dilution and re-plating. 
Conditions promoting reversion
322
The rate of appearance of revertants per cell was 
Conclusions
365
The complex process of bacterial adaptation in sta-366 tionary phase is thought to include accumulation of 367 selective beneficial mutations. In this study we have 368 shown that G → T transversions accumulate during early 369 stationary phase even in the presence of an active base 370 excision repair system. As these mutations were stimu-371 lated by low oxygen tension and inhibited by high O 2 , 372 it is likely that reactive oxygen species are important in 373 the formation of this type of mutation, which is known 374 to be produced as a consequence of oxidative damage to 375 cells. 
